Increasing the complexity of 2D metal-organic networks has led to the fabrication of structures with interesting magnetic and catalytic properties. However, increasing complexity by providing different coordination environments for different metal types imposes limitations on their synthesis if the controlled placement of one metal type into one coordination environment is desired. Whereas metal insertion into free-base porphyrins at the vacuum/solid interface has been thoroughly studied, providing detailed insight into the mechanisms at play, the chemical interaction of a metal atom with a metallated porphyrin is rarely investigated. Herein, the breadth of metalation reactions is augmented towards the metal exchange of a metalloporphyrin through the deliberate addition of atomic metal centers. The cation of Fe(II)-tetraphenylporphyrins can be replaced by Co in a redox transmetalation-like reaction on a Au(111) surface. Likewise, Cu can be replaced by Co. The reverse reaction does not occur, i.e. Fe does not replace Co in the porphyrin. This non-reversible exchange is investigated in detail by X-ray absorption spectroscopy complemented by scanning tunneling microscopy. Density functional theory illuminates possible reaction pathways and leads to the conclusion that the transmetalation proceeds through the adsorption of initially metallic (neutral) Co onto the porphyrin and the expulsion of Fe towards the surface accompanied by Co insertion. Our findings have important implications for the fabrication of porphyrin layers on surfaces when subject to the additional deposition of metals. Mixed-metal porphyrin layers can be fabricated by design in a solvent-free process, but conversely care must be taken that the transmetalation does not proceed as an undesired side reaction.
Introduction
Porphyrins are ubiquitous molecules that offer a tremendous broadness of functionality in diverse domains ranging from biology to technologically relevant devices. In their metalated state, porphyrin derivatives operate as carrier molecules for respiratory gases, 1 are key to photosynthesis, 2 find application as (electro)catalysts, 3, 4 or in molecular (opto)electronics. 5 Their seemingly unlimited functional properties have promoted research on porphyrins and related molecules in thin films, as monolayers, and at the single-molecule level. 6, 7 The metal cation embedded in the tetrapyrrole macrocycle is of particular interest as it governs many chemical and physical properties of the molecule. At well-defined interfaces, for example, the gas-fixating properties of the metal centers, 8, 9 their magnetic properties, 10, 11 or catalytic activity [12] [13] [14] [15] were investigated. The almost planar shape of the molecular macrocycle ensures that the coordinatively unsaturated cation is accessible for reactants, which in part explains their high reactivity towards small molecules. At the same time the flat geometry also results in a strong influence of the surface to the central metal atom. 16 A standard procedure to metalate freebase porphyrins is through the uptake of metal atoms at the vacuum/solid interface and the accompanied release of H 2 . 17 The metalation can occur through the incorporation of readily available metal atoms from the metallic support, 18 or alternatively through the allocation of a different metal by thermal evaporation. [19] [20] [21] The metalation can thus be achieved with different metal types and is routinely used to synthesize met- alloporphyrins on surfaces on demand. 22, 23 The mechanism by which the two pyrrolic hydrogens are expelled and replaced by a metal atom is well understood. 17, 24 However, the metal exchange, in which an existing metal cation is replaced by a second metal, is rarely investigated in surface-supported porphyrins. Two studies describe the replacement of Ni and Co by Cu, which is supplied through the adatom gas on the Cu(111) surface in ultra-high vacuum. 25, 26 A third study describes the exchange of Zn by Cu at the solid/ liquid interface. 27 No clear trends can be extracted from the existing literature: on the one hand Franke et al. 27 report Zn substitution by Cu in a tetraphenylporphyrin network at the solid-liquid interface. On the other hand Shi et al. 28 report no such substitution of Zn-tetrapyridylporphyrin and co-deposited Cu in vacuum. Recently, the hierarchical exchange of Cu by additionally supplied Ni and Fe in organic macrocycles was reported at elevated temperatures. 29 Whereas these exchange reactions can be controlled regarding the exchanging metal centres, the reaction yield appears less controllable. Furthermore, so far systems with only one coordination environment, the porphyrin macrocycle, were investigated, limiting the exchange to this one site. Certainly, further studies are required for a complete understanding of the exchange mechanism and to achieve a more controlled reaction with possibly quantitative yield. In particular, it is interesting to study systems which offer a second coordination environment that might function as a trap for additionally supplied metal centres, thus inhibiting the exchange process. This is particularly important in the light of the recent trend of increasing the complexity of heterometallic metal-organic networks with two or more different coordination environments. 15, 28, 30 In this context of ever more elaborate metal-organic networks fabricated on surfaces with synthesis procedures of increasing complexity, it becomes of fundamental importance to investigate the competitive interactions between different building units such as organic molecules and metal centres. Where the cation in the molecular environment defines electronic and physicochemical properties -molecular magnetism, advanced (bio)materials, sensors, to name a few 6 -it must be ensured that synthesis procedures yield the desired structure. As will be shown in the following, the sublimation of a metal onto a metalloporphyrin monolayer in vacuum can be used to fabricate complex mixed-metal porphyrin networks. Here, we describe the transmetalation of Fe-and Cu-porphyrins in ultra-high vacuum (UHV). Deposition of Co spontaneously substitutes Fe/Cu and occupies its place in the tetrapyrrole ring on a Au(111) surface at room temperature. The metal exchange is investigated using X-ray absorption spectroscopy (XAS) supported by scanning tunnelling microscopy (STM). Porphyrins with different embedded cations and different peripheral functional groups were studied, Fe-tetraphenylporphyrin (FeTPP) was used alongside Fe-tetrapyridylporphyrin (FeTPyP) and Cu-tetrapyridylporphyrin (CuTPyP), see Fig. 1a . In all three molecules the partial replacement of the metal centre by additionally sublimed Co is observed, whereas the replacement of Co by Fe is not observed. The pyridyl groups can coordinate metal centres, but do not inhibit the replacement in the macrocycle. Density functional theory (DFT) calculations reveal the exchange mechanism and barrier height of the transmetalation reaction.
Methods
The Au(111) substrates (single crystals and gold on mica) were cleaned by repeating Ar + ion sputtering and thermal annealing cycles at 823 K. Molecules ( purchased from Frontier Scientific) were sublimed using a molecular beam evaporator to form self-assembled networks. FeTPP was evaporated at 620 K, FeTPyP at 744 K, CoTPyP at 683 K, and CuTPyP at 673 K with the substrate held at room temperature. Deposition times were adjusted for full monolayer or submonolayer coverage. Co and Fe were sublimed from an electron beam evaporator, again with the sample held at room temperature. The molecular network's topography was investigated in two different UHV-STM setups (base pressure <5 × 10 −10 mbar). Images were analysed using WsXM. 31 X-ray absorption spectra were recorded at 300 K with linear horizontal (σ h ) or linear vertical (σ v ) polarization at the X-Treme beamline 32 of the Swiss Light Source. The experimental geometry was grazing incidence (θ = 60°), and the spectra were recorded in total electron yield. A negligibly small magnetic field of 50 mT was applied, helping the electrons to leave the surface and thereby reducing the noise on the measured drain current. For comparison the spectra were normalized to equivalent integral. DFT calculations were performed with the VASP code 33 within the slab-supercell approach and using the projector augmented-wave (PAW) method. 34 Wave functions were expanded using a plane wave basis set with an energy cut-off of 450 eV. The spin-polarized generalized gradient approximation (GGA-PBE) was used. In order to improve the description of dispersion forces, the D3 van der Waals correction method proposed by Grimme 35 was employed. The unrecon- structed Au(111) surface was modelled using a slab geometry with three Au layers and a vacuum region of 17 Å. All calculations were carried out for one M 1 TPP molecule and a M 2 atom in the same 7 × 7 unit cell (M 1 , M 2 = Co, Fe) and for a single k-point (Γ). Charge analysis was performed using Bader's method. 36 
Results and discussion
The iron-containing porphyrins (Fig. 1a) self-assemble spontaneously into densely packed monolayers on Au(111) (Fig. 1b) . The distance between molecules on the square lattice measures approximately 1.5 nm indicated by yellow vectors. The additional sublimation of Co to the iron porphyrin assembly at room temperature does not alter the appearance of the molecules in STM. Replacing Fe by Co or Cu, or replacing phenyl by pyridyl groups has no effect on the molecular arrangement.
To address potential chemical changes that come along with the availability of the second metal type, we used XAS at the Fe and Co L 2,3 -edges (Fig. 2) . The Fe L 3 absorption edge of approximately one monolayer FeTPP exhibits a multiplet structure with maxima located at 706.5 eV and 707.6 eV (Fig. 2a , grey) expected for coordinated Fe. 37 The spectra σ v (yellow) and σ h (red) exhibit distinct multiplet splitting -a consequence of the ligand field created by the four pyrrole nitrogen atoms 37 - leading to an appreciable linear dichroism (Fig. 2a, lower panel) . The multiplet structure is diminished after deposition of Co slightly exceeding the stoichiometric amount of Fe (Co/Fe ≈ 1.2), and the absorption spectrum suggests a metallic state 38, 39 ( Fig. 2b, blue) . The loss in multiplet structure is likewise visible in σ v and σ h , which become more isotropic, leading to a reduced linear dichroism (Fig. 2b, lower panel) . The change upon Co deposition is particularly appreciable in the σ h spectrum, in which the second peak at higher photon energy is reduced to a faint shoulder. In the (σ v + σ h ) of FeTPP + Co XAS the maximum of L 3 sits at 706.5 eV in accordance with the first peak of pristine FeTPP. A shoulder located at 707.6 eV reminiscent to the second peak of (σ v + σ h ) of pristine FeTPP indicates a reduced influence of pristine FeTPP to the XAS signal. The spectrum of FeTPP + Co can therefore be understood as a superposition of molecular FeTPP and metallic Fe. The X-ray linear dichroism (XLD) of FeTPP (Fig. 2a, lower panel) is larger than that of FeTPP + Co (Fig. 2b, lower panel) although the shape remains similar except for the high relative weight of the L 3 shoulder at ∼708 eV. The Co edge exhibits for FeTPP + Co a structured L 3 peak (Fig. 2c) , which is accompanied by a linear dichroism (Fig. 2c, lower panel) . The two L 3 maxima in the (σ v + σ h ) spectrum are located at 776.8 eV and 778.5 eV and result from discrete peaks in the respective σ v and σ h spectra.
The clear multiplet structure and linear dichroism of the Co L 2,3 -edge are a result of well separated 3d orbital states, which cannot be expected for Co cluster, 39, 40 but likely result from the ligand field created by the four pyrrole nitrogen atoms of the porphyrin ring. 11 For Co to be able to interact strongly with the nitrogen atoms, Fe has to be reductively expulsed from the porphyrin. Indeed, the Co spectra shown in Fig. 2c can be well described by a superposition of CoTPP and metallic Co (Fig. SI1 †) . For comparison, the Co L 2,3 -edge of Co-tetrapyridylporphyrin (CoTPyP) is shown in Fig. 2d . In the XAS the multiplet structure is difficult to compare directly because of the contributions of metallic Co in FeTPP + Co. In the dichroism, in which metallic Co does contribute only weakly, the strong similarities between FeTPP + Co and CoTPyP become obvious. This clearly confirms the presence of Co within the molecule. This also explains the transition from multiplet to featureless structure of the Fe L 3 -edge after Co deposition, i.e. Fe is expelled from its coordination environment in the porphyrin. Both Fe and Co absorption spectra consistently demonstrate a substitution of Fe by Co. For a quantitative evaluation of the amount of the metal exchanged, the FeTPP + Co XAS signal was decomposed into the sum of the XAS of FeTPP and metallic Fe in separately grown clusters, measured independently, by varying the ratio between these two spectra (Fig. SI1 †) . The sum of FeTPP and metallic Fe signal at the Fe edge reproduce well the shape of the XAS signal for FeTPP + Co and gives a roughly 50% exchange yield, even in excess of Co (Co/Fe ≈ 1.2). Consistently, the spectral shape of the equivalent Co L 2,3 -edge can be decomposed into a mixture of signals from pure CoTPP and Co clusters (Fig. SI1 †) . Note that although the signal from Fe cluster is used for the decomposition, the expelled Fe atoms likely remain underneath the porphyrin molecule in a metallic state as will be discussed in the following section. DFT calculations provide further support to the proposed metal exchange in the porphyrin, which is thermodynamically driven and accompanied by a small reaction barrier. A Co atom impinging from the metal beam can spontaneously replace the Fe centre of the molecule through a billiard-like direct mechanism. This process in which the Fe atom is pushed down to the surface by the arriving Co atom is nonactivated and highly exothermic (ΔE = −5.6 eV). In Fig. 3a , we schematically show the corresponding minimum energy pathway. Along this path there is only a shallow potential well associated with the Co atom adsorbed above the Fe centre of the molecule (II), from which the system can evolve to the final state (III) with a minor activation energy barrier of ∼0.2 eV (defined with respect to the energy of state II). Since the exothermicity of the non-activated initial Co adsorption is 2.7 eV (see Fig. 3a ) and thus very large compared to the reaction barrier, the Fe → Co replacement process can take place in a direct billiard-like mechanism before settling in state II, which would demand the dissipation of a large amount of energy. On the other hand, if such a thermalization process should take place, the Fe → Co replacement could still proceed easily along this pathway at room temperature due to thermal fluctuations.
As schematically shown in Fig. 3a , in the final state III the Fe atom is adsorbed on the surface and acts as an extra link between the CoTPP molecule and the gold surface (see Fig. SI2 † for an atomistic representation) . Thus, the surface plays a key role in the stabilization of the final state as well as for the reduction of the energy barrier for the exchange (see Table SI1 in the ESI. † The energy cost that accompanies the diffusion of the expulsed Fe atom from underneath the newly formed CoTPP molecule is 1.9 eV (see Table SI1G †), which hinders Fe segregation and formation of iron clusters on the surface. It might be argued that the Fe → Co replacement can also proceed through an indirect multiple-step mechanism involving (i) Co adsorption on a clean patch of Au(111), (ii) Co diffusion underneath the FeTPP molecule, and (iii) Fe → Co replacement. However, such a mechanism is much less likely to take place than the billiard-like one because during arrival and diffusion of the Co atom on the surface most of its adsorption and kinetic energy will dissipate and will not be available anymore to drive the reaction. In addition, step iii involves a larger activation energy barrier of ∼0.9 eV (see Table SI1D and E †), which, although accessible at room temperature, would yield much lower reaction rates than the billiard-like mechanism.
The exchange
occurs in the trans configuration and is substantially different to the common transmetalation of porphyrins in solution, [41] [42] [43] [44] [45] for which an S E 2-mechanism involving an atop complex is usually proposed. Bader charge analysis shows how charges redistribute during the transmetalation. Fe in FeTPP/Au(111) has a charge of 6.9e and is slightly reduced with respect to the FeTPP molecule far from the surface (charge on Fe 6.8e). In the initial state with Co sitting slightly off centre on top of the molecule, Fe is further reduced to 7.0e, while Co is oxidized compared to metallic Co (8.4e vs. 8.9e, respectively). The interaction of Co with the pyrrolic nitrogen and the Fe cation reorganizes the charge distribution such that Co is oxidized and Fe reduced, which can be viewed as the first step in the redox transmetalation. In the final state, the Fe atom sandwiched between the CoTPP molecule and the substrate is further reduced to 7.2e, whereas Co is oxidized to 8.2e, completing the redox process of charge transfer from one metal to the other. Though charge assignment to atoms in an organometallic molecule is difficult in general, 46 the Bader analysis should provide a qualitatively correct picture of the charge transfer processes taking place during transmetalation. From the calculated projected density of states (PDOS) for the final state, i.e., Co in the porphyrin and Fe underneath, it becomes clear that the metallic character of the Fe XAS signal results from a hybridization of the unoccupied Fe d-levels with the underlying gold substrate and the interaction of Fe with CoTPP, leading to a broad and finite PDOS for energies near the Fermi level (Fig. 3b, red curve) . In a similar analysis, the PDOS of a Co centre underneath a FeTPP molecule (structure D in Table SI1 †) shows that in this case Co is in a metallic state and Fe shows discrete d-levels as expected for coordinated metal centres (Fig. SI4 †) . This rules out the possibility of such a structure being compatible with the multiplet splitting observed in the Co XAS in Fig. 2 . Within the picture offered here, sublimed Co impinging onto a porphyrin during the deposition process spontaneously replaces Fe in the porphyrin, whereas Co that lands first on the surface has a larger transmetalation barrier and possibly also a larger kinetic barrier if diffusion underneath the molecules is hindered. This part of deposited Co thus cannot contribute to the exchange process. The replaced Fe atom most likely remains underneath the molecule at room temperature as its diffusion from underneath the molecule is accompanied by a large energetic barrier of >1.9 eV.
This model together with further calculations also helps to rationalize the 50% exchange yield. The analysis of the interaction of Co with FeTPP shows that the molecular macrocycle attracts Co atoms favouring the encounter with Fe centres. For instance, at 2.15 Å above the molecular plane (∼5.45 Å above the outermost Au layer), the potential energy over the macrocycle is ∼−2 eV (with respect to Co far from the molecule in vacuum) and ∼1 eV smaller than on an uncovered surface patch between two molecules. Since the area of the molecular macrocycle represents ∼50% of the total area of FeTPP in the densely packed monolayer, this provides a possible explanation for the ∼50% exchange yield observed experimentally. Roughly half of the sublimed Co impinges onto a macrocycle during the deposition process and spontaneously replace Fe in the porphyrin. The rest of Co atoms land on the metal surface and encounter a significantly larger transmetalation barrier. This reasoning is further corroborated by the observed clustering of Fe on top of CoTPP at low temperature, possibly due to the funnelling of impinging atoms onto the macrocycle to a stable adsorption site close to the embedded metal centre.
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Identical observations on the transmetalation were also made for FeTPyP + Co, where peripheral pyridyl groups offer additional coordination sites and might capture Co and thus suppress the exchange. However, transmetalation occurs in FeTPyP + Co (Fig. SI5 †) as well as in CuTPyP + Co (Fig. SI6 †) . The backreaction, as can be expected from thermodynamic considerations offered by DFT for M 1 + M 2 TPP/Au(111), is experimentally not observed when Fe is deposited in approximately stoichiometric amounts onto a CoTPyP monolayer (Fig. SI7 †) . We note that local tunnelling spectroscopy was inconclusive to demonstrate the exchange process at the molecular scale as spectra of FeTPyP, CoTPyP, and FeTPyP + Co show very similar occupied and unoccupied states (see Fig. SI8 †) with no appreciable energy shifts as a function of metal ion in the porphyrin or the coordination of a second metal centre to its pyridyl groups. The partial transmetalation observed here stands in contrast to the metalation of free-base porphyrins at surfaces, which can be routinely employed to achieve complete synthesis of metalloporphyrins with high yield. 17, 19, 20 However, optimizing deposition coverage and deposition times should in principle lead to higher yields also for transmetalation. The very low barrier that can be surmounted also at low temperature separates our approach from previous studies, in which Cu adatoms were used to replace cations in porphyrins. 25, 26 The high annealing temperatures needed for these reactions are presumably due to the different starting configuration, in which the replacing metal centre starts from underneath the molecule, which is, as shown above, accompanied by a larger barrier.
Conclusions
The presented experimental data provide evidence for the transmetalation of metalloporphyrin monolayers at the solid/ vacuum interface. Co replaces Fe and Cu in porphyrins, driven by favourable thermodynamics of stronger binding energy of Co in the porphyrin. In contrast to the common S E 2-mechanism of porphyrin transmetalation in solution, a redox transmetalation is proposed for the molecules bound to a surface in vacuum. A very low reaction barrier of 0.2 eV accompanies the exchange and the expelled metal centre resides underneath the molecule in the final state. The availability of a second coordination environment in the form of pyridyl groups, which is freely accessible to the newly introduced metal centres, does not inhibit transmetalation. This is possibly a result of the particular exchange process presented here, in which the sublimed atoms arriving onto the macrocycle are funnelled towards the embedded metal centre. Our results are of particular interest for the fabrication of well-defined metallo-molecular structures on surfaces for applications such as molecular spintronics 47 or catalysis, 15 and the implications are far reaching everywhere the cation defines chemical or physical properties of the structure. This might open the way for the synthesis of novel metalloporphyrins that are not accessible via solution chemistry. Since the metal centre in the porphyrin substantially contributes to chemical, electronic, and magnetic properties of the molecules, uncontrolled transmetalation may prove diametrical to the tailored synthesis of porphyrin structures with desired properties, and may hinder or inhibit interpretation of experi-mental data. On the other hand, once kinetics and thermodynamics of the transmetalation can be controlled it will offer a novel route towards complex multimetallic-organic nanostructures. In particular, the reaction yield should be improved from the fair 50% yield to a more quantitative yield. For this goal to be achieved, further studies are required that address the interplay between the two metal centre to be exchanged, the exact function of the substrate, and possibly also the functionalization of porphyrin/phthalocyanine.
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